The number of chromosomes carried by an individual species is one of its defining characteristics. Some 21 species, however, can also carry supernumerary chromosomes referred to as B chromosomes. B 22 plorans, revealed the presence of 10 protein-coding genes carried on the B chromosome (Navarro-63 Domínguez et al. 2017). These studies demonstrate that the diversity and complexity of supernumerary 64 B chromosomes has been underestimated, and a better understanding of their origin and composition is 65 necessary. 66 Further work on the molecular characterization of B chromosomes has been impeded by several 67 obstacles. First, the majority of identified B chromosomes have only been studied cytologically in 68 samples collected from wild populations. Many of these species are not conducive to husbandry in the 69 lab, precluding development of the molecular, genetic, and genomic tools necessary to allow in-depth 70 study of B chromosomes. Second, the inability to control breeding and environment has the potential to 71 introduce uncontrolled genetic variation and unknown pressure on B chromosome evolution, leading to 72 fluctuations in B chromosome variants, frequency, and transmission rates (Zurita et al. 1998; Araújo et 73 al. 2002; Bakkali and Camacho 2004; Manrique-Poyato et al. 2013; Lanzas et al. 2018). Third, it is 74 challenging to precisely determine the age of a B chromosome in these wild systems, making it difficult 75 to discern how they formed and what events led to their current composition. Thus, as pointed out by 76 Jones (1995), B chromosome observations are only able to reflect the system in the present and therefore 77 may not reflect how the system was in the past. 78 Recently, B chromosomes were identified in a laboratory stock of Drosophila melanogaster 79 (Bauerly et al. 2014). Although B chromosomes have previously been observed in a handful of wild 80 populations within the Drosophila genus [albomicans (Clyde 1980); malerkotliana (Tonomura and 81 Tobari 1983); kikkawai (Sundaran and Gupta 1994); subsilvestris (Gutknecht et al. 1995); lini and 82 pseudoananassae (Deng et al. 2007)], Bauerly et al. (2014) was the first report of B chromosomes in 83
chromosomes were recently identified in a laboratory stock of Drosophila melanogaster-an established 23 model organism with a wealth of genetic and genomic resources-enabling us to subject them to 24 extensive molecular analysis. We isolated the B chromosomes by pulsed-field gel electrophoresis and 25 determined their composition through next-generation sequencing. Although these B chromosomes 26 carry no known euchromatic sequence, they are rich in transposable elements and long arrays of short 27 nucleotide repeats, the most abundant being the uncharacterized AAGAT satellite repeat. Fluorescent in-28 situ hybridization on metaphase chromosome spreads revealed this repeat is located on Chromosome 4, 29 strongly suggesting the origin of the B chromosomes is Chromosome 4. Cytological and quantitative 30 comparisons of signal intensity between Chromosome 4 and the B chromosomes supports the hypothesis 31 that the structure of the B chromosome is an isochromosome. We also report the identification of a new 32 B chromosome variant in a related laboratory stock. This B chromosome has a similar repeat signature 33 as the original but is smaller and much less prevalent. We examined additional stocks with similar 34 genotypes and did not find B chromosomes, but did find these stocks lacked the AAGAT satellite repeat. 35 Our molecular characterization of D. melanogaster B chromosomes is the first step towards 36 understanding how supernumerary chromosomes arise from essential chromosomes and what may be 37 necessary for their stable inheritance. 38 INTRODUCTION 39 The growth, development, and reproduction of an organism relies on genetic material that is organized 40 into chromosomes. The chromosome complement carried by all members of a species is comprised of 41 essential chromosomes referred to as the "A chromosomes." A subset of individuals within a species 42 may also possess extra chromosomes that are nonessential and not members of the standard A 43 chromosome set. These supernumerary chromosomes are commonly referred to as "B chromosomes." Here, we report the purification and sequencing of the D. melanogaster B chromosome described 106 in Bauerly et al. (2014) . Deep sequencing of this B chromosome reveals no known protein-coding genes 107 but does show that these B chromosomes contain several highly repetitive elements that map to 108 unplaced scaffolds from the current D. melanogaster genome assembly. One of these elements, the 109 previously uncharacterized AAGAT satellite repeat, was used as a FISH target on metaphase 110 chromosome spreads. We find this repeat to be specific to Chromosome 4 as well as enriched twofold on 111 the B chromosomes, suggesting that the B chromosome is likely an isochromosome that arose from 120 All stocks used in this report can be found in Table S1 . Stocks were maintained on standard cornmeal 121 media supplemented with an additional sprinkle of active dry yeast and kept at 24° and 70% humidity in 122 constant light conditions. 123 124 Sample collection for pulsed-field gel electrophoresis (PFGE) 125 To obtain samples for PFGE, 20 L3 larvae were placed in 3 mL Ringer's solution in a 35-mm glass petri 126 dish. The brain and any attached imaginal discs were dissected from each larva one at a time, and care 127 was taken to ensure the desired tissue was treated as gently as possible to avoid trauma. The tissue was 128 transferred to a 1.5-mL microfuge tube with 500 µL Ringer's solution kept on ice while the remaining 129 dissections took place. Dissections of 20 larvae took no longer than one hr (typically 30-40 min). Tissue 130 was briefly spun down to the bottom of the tube, the Ringer's solution was removed, and 30 µL of insert 131 buffer (0.1 M sodium chloride, 30 mM TrisCl pH 8, 50 mM EDTA pH 8, 0.5% Triton X-100, 7.7 mM 132 2-mercaptoethanol) was added. The tissue was homogenized by hand-grinding with a plastic pestle for 133 10 circular strokes. The tube was briefly spun to get the material down, then the homogenization was 134 repeated twice more to ensure complete homogenization. The tube was briefly spun down for a final 135 time and the top-most 25 µL was moved to a new tube in order to minimize the amount of cellular 136 debris included in the plug. This new tube was placed at 42° for 2 min to warm up. Using a cut-off 137 pipette tip (1 mm inner diameter), 75 µL of molten 1% InCert agarose (in 0.125 M EDTA) held at 50° 138 was added to the warmed homogenate and mixed by pipetting gently three times, followed by 139 distribution into a mold for a single plug. The mold was placed at 4° to set and remained there while 140 additional rounds of dissections took place. After dissections were finished, plugs were transferred to Page 9 50-mL conical vials (no more than 4 plugs/vial) with 2.5 mL/plug NDS (0.5 M EDTA, 10 mM TrisCl 142 pH 8, 1% sarkosyl, pH 9.5 and sterile-filtered) and 0.1 mg/mL Proteinase K. The tube with the plugs 143 was incubated in a 50° water bath for 12.5 hr and gently swirled once or twice during the incubation. 144 After the Proteinase K treatment, the tubes were placed at 4° until processing, which was usually later 145 the same day (1-2 hr after the end of the incubation). 146 To process the plugs, they were moved from the NDS+Proteinase K solution into new conical 147 tubes with 3 mL/plug 1x TE (pH 7.5) with 0.1 µM PMSF. Tubes were gently agitated on an orbital 148 shaker for 1 hr at room temperature, then the 1x TE + PMSF was replaced with fresh 1x TE + PMSF 149 and the tubes were shaken for another hour at room temperature. This was followed by four washes with 150 1x TE for 20 min each at room temperature, after which the plugs were moved into 1x TAE. drop of 0.7% sodium chloride. The brain and associated imaginal discs were extracted in the same 201 fashion as for the PFGE (see above). The brain was then moved to a fresh 50-µL drop of 0.5% sodium 202 citrate for hypotonic treatment for 5 min, followed by a transfer to the fixative solution for 4 min. After 203 fixation, the brain was transferred to a 3-µL drop of 45% acetic acid on an 18-mm x 18-mm No. 1.5 204 siliconized coverslip. A microscope slide was inverted onto the coverslip with the sample and pressed 205 gently to spread the liquid to the edges of the coverslip. The slide+coverslip was squashed for 2 min 206 using a hand clamp (Milwaukee Tools, 48-22-3002), then immediately placed into liquid nitrogen for at 207 least 5 min. Immediately after removal, the coverslip was popped off the slide using a razor blade. The 208 slide was dehydrated by placing it in 70% ethanol for at least 10 min at -20°, then transferred to 100% Page 12 ethanol at -20° for at least 10 min. Slides were removed and allowed to completely air-dry, then stored 210 in a corked slide box kept at room temperature. 211 For chromosome spreads from ovary tissue, the protocol used for larval brains described above 212 was used with the following changes. Ovaries were collected from mated adult females by anesthetizing 213 them with carbon dioxide until incapacitated (~5-10 seconds). A single female was then moved to a 214 fresh 50-µL drop of 0.7% sodium chloride and whole ovaries were removed. The tips were separated 215 from the later stages such that anything larger than stage 8 was discarded. The ovary tips were then 216 hypotonically treated and fixed as above for larval brains. Before squashing, the tips were gently teased 217 apart on the siliconized coverslip in 3 µL 45% acetic acid in order to spread out the tissue. Squashing, 218 freezing, dehydration, drying, and storage were all carried out as described above for larval brains. in super-condensed chromosomes that are able to hold their shape better after Brower's fixative.) After 226 the incubation, the brain was transferred to a fresh 50-µL drop of 0.5% sodium citrate for hypotonic 227 treatment for 5 min, followed by a transfer to the fixative solution for 2 min. The brain was then moved 228 to a 50-µL drop of 50% glycerol for 5 min, then to 5-µL drop of 50% glycerol on an 18-mm x 18-mm 229 No. 1.5 siliconized coverslip. The brain tissue was gently dissociated using a bent needle probe, then a 230 microscope slide was inverted onto the coverslip and direct pressure was applied to spread the tissue. 231 The slide+coverslip was squashed, frozen, and dehydrated as described above. Slides were allowed to 232 air-dry for 10 min, followed by immediate processing for IF. 233 
MATERIALS AND METHODS
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Stocks used in this experiment
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Sample slide processing 235 For DNA staining and FISH: For simple DNA visualization, 5 µL of Vectashield with DAPI mounting 236 media was applied to a clean 22-mm x 22-mm No. 1.5 glass coverslip that was placed on the sample 237 slide,then sealed to the slide with clear nail polish. 238 For FISH on the chromosome spreads, a protocol adapted from Larracuente and Ferree (2015) 239 was used. For each slide, 21 µL of the FISH solution (50% formamide, 10% dextran sulfate, 2x SSC, 240 100 ng fluorescently-labeled probe (see Table S2 ) was applied directly to the dried slide and a clean 22-241 mm x 22-mm No. 1.5 glass coverslip was placed on top. Gently, any large bubbles that in contact with 242 the tissue were nudged to the edges. The slide was heated to 95° on a heat block for 5 min in darkness, 243 then transferred to a container lined with damp paper towels (to maintain humidity and prevent the 244 samples from drying out) and placed at 30° overnight (16-24 hr). After the incubation, slides were 245 washed three times in 0.1x SSC for at least 15 min each. Slides were blown dry, then mounted by 246 applying 5 µL Vectashield with DAPI to a clean 22-mm x 22-mm No. 1.5 glass coverslip that was 247 placed on the sample slide, then sealed to the slide with clear nail polish.
248
For IF: Dried slides were placed in PBSTX (1x PBS with 0.1% Triton X-100) and washed three 249 times for 5 min each. Slides were then blocked with 5% dry, nonfat milk in PBSTX for 20 min at room 250 temperature. Excess block was wiped away from the perimeter of the sample area and a primary 251 antibody solution (antibody in 30 µL block solution; 1:500 rat anti-CID from a test bleed generated for 252 the Hawley lab, 1:100 rabbit anti-HOAP serum, a gift from Y. Rong) was applied, and a 22-mm x 22-253 mm No. 1.5 glass coverslip was placed on top. The slides were placed in a container lined with damp 254 paper towels and placed at 4° overnight (16-24 hr). After the incubation, the slides were washed with 255 PBSTX three times for 5 min each. Excess PBSTX was wiped away from the perimeter of the sample 256 area and a secondary antibody solution (antibody in 30 µL block solution; 1:500 anti-rat from 257 Invitrogen, 1:500 anti-rabbit from Invitrogen) was applied, and a 22-mm x 22-mm No. 1.5 glass Page 14 coverslip was placed on top. The slides were placed in a container lined with damp paper towels and 259 placed in a dark drawer at room temperature for 45 min. After the incubation, the slides were washed 260 with PBSTX three times for 5 min each. Excess PBSTX was wiped away from the perimeter of the 261 sample area and 3 µL Vectashield with DAPI was applied to a clean 22-mm x 22-mm No. 1.5 glass 262 coverslip that was placed on the sample slide, then sealed to the slide with clear nail polish. Mbp ( Figure 1C ). We did not see a smear on the gel that would represent B chromosomes of various 329 sizes, nor did we observe additional bands that may represent variants of B chromosomes that may have (14,212,886) of reads mapped to either non-unique locations or were pairs that did not align properly. 342 The remainder of the reads (37%, 15,719,196) did not map to known genomic locations. 343 Among the 13,031,938 uniquely mapping reads, 84% aligned to the X, 2 nd , 3 rd , or Y 344 chromosomes with an average depth of coverage of 12x (Table S3 ). We anticipated this low, evenly 345 distributed depth of coverage across the genome since our PFGE purification would likely include a 346 random assortment of genomic fragments that were in the size range of the B chromosome. We then 347 masked repetitive sequence using RepeatMasker and plotted depth of coverage to identify regions that 
356
The remaining 11% of uniquely mapped reads aligned to small reference scaffolds whose exact 357 position in the genome is unknown. These unplaced scaffolds are generally short, highly repetitive, or 358 low complexity fragments, suggesting they are heterochromatic sequences. Of 1,870 scaffolds present in 359 the dm6 assembly, we found 133 that contained at least one region where 100 or more reads uniquely 360 aligned, suggesting these scaffolds contain sequence present on the B chromosomes. In total, 114,673 bp 361 of total sequence across these 133 contigs were covered by at least 100 reads (Table S4) . As an example, 362 the 51-kb scaffold chrUn_DS483562v1 had at least 100 reads align uniquely over more than 80% of its 363 sequence, suggesting that it contains a large, but not necessarily contiguous, amount of DNA present on 364 the B chromosomes. 365 We also wondered if the B chromosomes carried any novel sequence-euchromatic or (Figure 2A) . 390 Since the B chromosome may have arisen from any of these chromosomes, we wondered if our 391 B chromosome sequence contained short, tandemly repeating kmers that could be used as FISH targets. 392 We created an analysis pipeline modeled after one used previously (Wei et al. 2014) to generate a list of 393 kmers present in the B chromosome raw sequencing data (Table 1) . Among the kmers with over a 394 million counts, we recovered the AATAT repetitive sequence, confirming our previous FISH results. 395 Additionally, we found the AAGAG repetitive sequence was enriched on the B chromosomes as well as 396 Chromosome 4 ( Figure S2A ), however this repeat can also be found on each of the other chromosomes Figure S3 ). Since this DNA fragment was not present in every sample we examined, we speculated 465 it may lack essential chromosome components such as a centromere and/or telomeres, thus affecting its 466 ability to be efficiently transmitted to progeny. Therefore, we performed IF on metaphase spreads from 467 the mtrm KG08051 stock and found that this element carries both the CID and HOAP antigens, suggesting 468 that it possesses both centromeres and telomeres, respectively ( Figure 5B ). Taken together, we believe 469 this DNA fragment is the second B chromosome variant identified in D. melanogaster and will herein 470 refer to it as the "B2" chromosome to distinguish it from the original B chromosome (now referred to as 471 "B1").
Page 23
Though the B1 and B2 chromosomes have a similar composition, there are some apparent 473 cytological differences that exist between them. FISH experiments with the AAGAT probe showed that 474 the B2 chromosome has fewer FISH foci-as well as less overall DAPI intensity-than does the B1 475 chromosome. To directly compare the two B chromosomes to each other as well as to the same 476 Chromosome 4, a male carrying the B1 chromosome was crossed to a female carrying the B2 477 chromosome. Progeny from this cross would possess both B chromosomes, enabling their direct 478 comparison since they are within the same metaphase ( Figure 6A ). (We should note that the quantitative 479 comparisons between the B1 chromosome and Chromosome 4 in Figure 4D were performed on the 480 same metaphases, therefore the Chromosome 4 used for comparison here is identical.) Comparing the 481 AAGAT FISH signal intensity on the B2 chromosome to Chromosome 4 demonstrates that they have an 482 equal amount of FISH signal (Figure 6B , see Materials and Methods). This result is consistent with our 483 observation that the B2 chromosome has fewer FISH foci than the B1 chromosome ( Figure 6C ). Since 484 both B chromosome variants carry a similar suite of satellite repeats and are likely similar in their DNA 485 composition, we used their DAPI staining intensity to relatively compare their DNA content. We found 486 that the B2 chromosome is 65% as bright as the B1 chromosome, suggesting the B2 chromosome has 487 less DNA content overall and is likely smaller in total length than the B1 chromosome ( Figure 6D , see 488 Materials and Methods). Due to these differences, we conclude that the B1 and B2 chromosomes are 489 distinct and represent two variants of B chromosomes in D. melanogaster. Stock Center (herein referred to as mtrm SIMR1 , mtrm SIMR2 , and mtrm BDSC , respectively; see Table S1 ). To 497 determine if any of these three lines also carry a B chromosome and at what frequency, we examined 498 them cytologically and looked for small DAPI-staining fragments. Although previous chromosome 499 spreads described here were made from larval neuroblast tissue, for this analysis we chose to use ovarian 500 tissue from adult females in order to quickly assess how many, if any, breeding adults carried B 501 chromosomes within each of the stocks. We began by examining the mtrm KG08051 line that we know 502 carries the B2 chromosome in order to determine its frequency within the stock. We found that nine out 503 of 25 adult females carried one copy of the B2 chromosome and two females carried two copies of the 504 B2 chromosome, indicating its frequency within the stock is very low ( Figure S4A ). We then examined 505 females from the other three stocks using the same technique and included the AATAT FISH probe in 506 our chromosome spread processing since it is enriched on both the B1 and B2 chromosomes. 507 Interestingly, after examining at least 30 females from each stock, we did not detect a supernumerary 508 DAPI-staining fragment ( Figure S4B-E) . We therefore conclude that the mtrm SIMR1 , mtrm SIMR2 , and 509 mtrm BDSC lines do not carry B chromosomes. 510 During the initial examination of the mtrm SIMR1 , mtrm SIMR2 , and mtrm BDSC lines, we used the 511 AAGAT FISH probe in our chromosome spread processing. We ultimately switched to the AATAT probe 512 for our analyses, however, since we were unable to detect AAGAT FISH signal in the other three lines. 513 This result was puzzling for two reasons. First, though these three stocks were acquired from separate 514 collections, they are genotypic copies of our laboratory mtrm KG08051 stock that clearly carries the AAGAT 515 satellite repeat ( Figure 7A ) and therefore we expected them to be similar. Second, since the AAGAT were surprised to not detect any blocks of AAGAT satellite repeat in these three stocks. To validate our 518 original observation, we repeated the FISH experiment on neuroblast chromosome spreads from males 519 (in order to also assay the Y chromosome) using both the AAGAT and AATAT probes simultaneously. 520 Consistent with our initial results, we observed FISH signal with the AATAT probe but not the AAGAT 521 Page 25 probe in these three stocks ( Figure 7B-D) . This result confirms that the lack of AAGAT signal we 522 observe is due to polymorphism in the amount of AAGAT satellite repeat carried by the variants of 523 Chromosome 4 in these stocks. 524 Page 26 newly formed chromosome and quickly ascertain its origin. By isolating and deep-sequencing the B1 533 chromosome, we were able to determine that it originated from the D. melanogaster genome, lacks 534 known euchromatic material, and is comprised of several heterochromatic elements. 535 One of the heterochromatic elements we identified is the AAGAT satellite repeat, which has been Battaglia (1964) , misdivision and isochromosome 565 formation is likely a recurring mechanism for B chromosome creation. 566 We also identified a second, smaller B chromosome variant (B2) in a separate laboratory stock 567 carrying a different null allele of mtrm. Though the B2 chromosome carries the same suite of repeats as 568 the B1 chromosome, has both telomeric and centromeric components, and was found in a similar mutant 569 background, the copy number and frequency of the B2 chromosome in its endogenous stock 570 (mtrm KG08051 ) is substantially lower than is characteristic of the B1 chromosome copy number in its 571 endogenous stock (mtrm 126 ). This observation may be attributed to the variation in genetic backgrounds Page 28 (see Table S1 ) or the difference in the size of the two B chromosomes. Periodic testing of this stock will 573 enable us to use established methods to determine if the prevalence of this new B chromosome is 574 fluctuating and, if so, at what rate. 575 Though the B1 chromosome structure is consistent with an isochromosome, we are unsure what 576 the structure of the B2 chromosome may be. Since the DAPI intensity of the B2 chromosome is 65% 577 that of the B1 chromosome ( Figure 6D) , we favor a model where the B2 chromosome arose after a 578 centromeric misdivision event that encompassed a larger portion of the centromeric region, followed by 579 the acquisition of a telomere instead of the joining of the broken fragments. We are aware, however, that 580 due to the shared histories of the stocks each B chromosome was found in, we cannot establish whether 581 each B chromosome arose independently, or if one was formed from another. Though its size and 582 prevalence preclude us from being able to extract it from a pulsed-field gel experiment, newer 583 sequencing technologies that produce extremely long reads may enable us to circumvent this limitation. (Table S1) , only the stocks with B chromosomes also have the AAGAT satellite repeat on 595 Chromosome 4 (as assessed by FISH on metaphase chromosome spreads, Figure 7 ). We are intrigued as the AAGAT repeat on Chromosome 4 (denoted by arrowheads) as assessed by FISH. Note: this larva 693 carried three copies of Chromosome 4, which is not uncommon in a mtrm null heterozygote (see text). 694 The other mtrm KG08051 lines mtrm SIMR1 (B), mtrm SIMR2 (C), and mtrm BDSC (D) do not possess B 695 chromosomes, nor do they carry the AAGAT satellite repeat (Chromosome 4 denoted by arrowheads). 696 Brightness and contrast were adjusted for the DNA (DAPI) channel only (see Materials and Methods). 
DISCUSSION
